INTRODUCTION
The relationship between photosynthesis and light (the P-E relationship) has been used for many years as a tool to estimate phytoplankton production over several temporal and spatial scales (Harding et al. 1982 , Falkowski & Raven 1997 . This relationship has been described by several mathematical formulations, which may be empirical, based on observations (Steele 1962, Variability in photosynthetic parameters has been studied over different timescales and found to be related to endogenous circadian rhythms (Prezelin 1992) as well as to changes in environmental variables such as light intensity (Gallegos et al. 1983 , Geider et al. 1996 , Madariaga 2002 , species composition (Cote & Platt 1983 , Jouenne et al. 2005 , water temperature (e.g. Tillmann et al. 2000) , and salinity (Moisander et al. 2002) .
Several of these factors may be simultaneously implied in photosynthetic variability of natural phytoplankton assemblages, especially in systems subjected to highly variable environmental conditions, such as estuaries. MacCaull & Platt (1977) have already hypothesized that photosynthetic variability observed in the field is related to both endogenous rhythms and changing environmental factors. Actually, environmental variability can act directly at the level of physiology within phytoplankton species (Lizon et al. 1995 , as well as indirectly through changes on species composition, which in turn cause variations in photosynthesis-irradiance relationships (Cote & Platt 1983 , Macedo et al. 2001 , Jouenne et al. 2005 .
Previous studies (Cote & Platt 1983 , 1984 ) have shown that, by emphasizing the influence of environmental and biological factors on the photosynthetic parameters rather than on the instantaneous rate of photosynthesis, a better understanding of the factors controlling the activity of phytoplankton in their natural environment can be achieved. Moreover, knowledge of the relationships between environmental variables and photosynthetic response allows the development of reliable mathematical models that can be used to calculate photosynthetic rates based on light, temperature, nutrient concentrations, and chlorophyll a (chl a) concentration as input variables (Sakshaug et al. 1997) .
The Douro estuary is characterized by a highly variable freshwater inflow, controlled by a network of > 50 large dams. In a previous paper (Azevedo et al. 2008 ), we presented a conceptual model of the Douro estuary, showing that the river emerges as the major source of nutrients, chl a, and total particulate matter (TPM), although additional phosphate and TPM anthropogenic sources are present in the middle and lower, highly urbanized, estuarine stretches. Water column salinity structure and freshwater residence time are dependent on river flow magnitude. Flows > 800 m 3 s -1 prevent seawater from entering the estuary (Vieira & Bordalo 2000) , whereas for flows < 300 m 3 s -1
, salinity stratification occurs. During spring, when flow decreases and light availability and temperature increase, phytoplankton biomass and primary production (PP) reach their maximum within the estuary. During the summer low river flow period, when temperature and water transparency are the highest (as well as salinity), chl a and PP decline.
The Douro is a mostly heterotrophic estuary, with heterotrophy increasing towards the mouth, where this condition is observed all year round. Only in the upper reaches and only during spring was an autotrophic state observed (Azevedo et al. 2006) .
In Azevedo et al. (2006) , annual PP was estimated from P-E measurements along the Douro estuary. Strong correlations were found between the maximum photosynthetic rate P max , temperature, and chl a concentration, suggesting that these environmental variables were responsible for most of the variability observed in that photosynthetic parameter. Those findings paved the way for the present study, whose objective is to answer the following questions: (1) At which temporal scales is the variability of P-E parameters more important? (2) How important is the spatial variability of the P-E parameters, along the estuarine gradient, given the complex mixing patterns between fresh-and saltwater phytoplankton? (3) What are the most important environmental factors affecting the variability of P-E parameters?
MATERIALS AND METHODS
Study area. The Douro estuary is a granitic drowned valley estuary, heavily modified in its last 8 km, corresponding to the limit between upper and middle estuarine stretches (Fig. 1) . It is characterized by semidiurnal tides, with a mean tidal range of 2.8 m, and a pronounced seasonal river flow regime (0 to 13 000 m ). During floods and under low river discharge, the salt wedge reaches the head of the estuary, and remains within the estuary during the next ebb. During high-discharge events, the estuary is flushed completely during one tidal cycle and seawater intrusion is prevented during the flood (Vieira & Bordalo 2000) .
Sampling. The present work is based on 2 sampling approaches: (1) tidal cycle surveys at a single anchor station near the mouth and (2) monthly surveys at 3 stations located in the lower, middle, and upper reaches. The latter was used previously in a study on the pelagic metabolism of the Douro estuary (Azevedo et al. 2006 ) and will be further analyzed in the present work regarding the variability of P-E parameters at different timescales.
River flow data were obtained from the Portuguese water authority (INAG). . Surface and bottom samples were collected every 2 h for nutrient and chl a quantification. Subsurface samples for P-E incubations were collected in the morning (around 09:00 h), around noon, and in the afternoon (around 15:00 h). Secchi disk depth was measured for water column light attenuation assessment.
Monthly surveys: From December 2002 to December 2003, monthly surveys, during ebb and flood tide, were conducted during a 13 mo cycle for PP and pelagic metabolism assessment of the Douro estuary (Azevedo et al. 2006) . Briefly, sampling design consisted of visits to 3 stations located in the lower, middle, and upper estuary, at approximately 0.7, 5.0, and 21.6 km from the river mouth, respectively (Fig. 1) . Sampling was performed twice a month, during ebb and flood tide. Vertical profiles of temperature, conductivity, salinity, dissolved oxygen, pH, and turbidity were performed with a CTD (YSI, 6600). PAR profiles were obtained with a spherical quantum sensor light meter, at 0.5 m depth steps (LI-COR, LI-250). Simultaneously, subsurface samples were collected for chl a, nutrients (nitrate, nitrite, ammonium, phosphate, and silicate), and PP assessments.
Analytical and experimental procedures. Dissolved orthophosphate, nitrite, ammonium, and silicate were analyzed following the methods described in Grasshoff et al. (1983) . Nitrate was quantified by an adaptation of the spongy cadmium reduction technique (Jones 1984) , subtracting nitrite from the total. Analyses were performed in triplicate. Chl a was assayed spectrophotometrically after extraction with 90% acetone (Parsons et al. 1984 ) with cell homogenization, using the SCOR-UNESCO (1966) trichromatic equation. P-E experiments were performed by the 14 C method (Steeman Nielsen 1952). Samples were placed in 125 ml Pyrex glass flasks and 2 μCi of aqueous solution of sodium bicarbonate was added (Carbon 14 Centralen). Incubations were conducted at 5 light levels (100, 75, 50, 25, and 1%) , to mimic light attenuation at different depths within the euphotic zone, for 1 to 2 h in a water bath, at in situ temperature. An artificial light source providing a PAR of 920 μmol photons m -2 s -1 was used. A neutral screen was used to provide the different light levels. One additional dark bottle was also incubated. After incubation, samples were filtered through 0.45 μm membranes, washed, and placed in 20 ml scintillation vials, and a 10 ml scintillation cocktail (Beckman Instagel Packard) was added. Counts, in disintegrations per minute (DPM), were performed in a Beckman LS3801 liquid scintillation analyzer using internal standards for the automatic establishment of the quenching curve. Dark DPM values were subtracted from light DPM values and results were expressed in mg C m -3 h -1
. Inorganic carbon was assayed from pH and alkalinity measurements by direct titration according to Parsons et al. (1984) .
Data analysis. P-E parameter estimation: Steele's (1962) production-light function (Eq. 1) was used to fit P-E curves to experimental data from incubation experiments, using the Gauss-Newton non-linear regression method, since photoinibition was apparent. Photosynthetic rates were normalized to chl a. Chlorophyll-specific maximum photosynthetic rate P max and optimal light intensity E opt were obtained directly from the fitted P-E curves. Photosynthetic efficiency α was estimated as the initial slope of the P-E curves by deriving Steele's function in relation to light intensity E and calculating the limit of the derivative when E approaches zero.
( 1) where n = 1 (n is an empirical integer). Statistical and multivariate analyses: Spearman rank correlation analysis was performed to evaluate the relationships between environmental and biological variables and metabolic processes. To analyze spatial variability in photosynthetic parameters, a 1-way multivariate analysis of variance (MANOVA) was carried out. In this case, all values (26) measured at each station over the 13 mo Photosynthetic parameter variability at different timescales: In order to establish the temporal scale at which variability of photosynthetic parameters was highest, inter-seasonal (MS1) and intra-seasonal (MS2) variance were calculated, according to Eqs. (2) & (3), respectively, using the monthly surveys data set.
(2) (3) where x a is the annual mean; x i is the seasonal mean; x ij is the monthly mean, based on results from 3 sampling stations × 2 occasions; n is the number of seasons; and k is the number of months from each season.
The tidal cycle data set was used to compare seasonal and diel variability, according to the same equations, except that in this case x ij is a single value corresponding to time of day and k is the number of samples taken on each day.
Each pair of variances was compared by computing their ratio and performing an F-test. Since photosynthetic parameters were not sampled randomly over time and space, this comparison between their variances at different timescales may be biased. Additionally, coefficients of variation (CV) were calculated for the same timescales.
Temperature and phosphate integration in Steele's P-E equation: A previous study on the pelagic metabolism of the Douro estuary (Azevedo et al. 2006) showed that PP was mostly controlled by temperature. Also, in this system, the N:P ratio is generally above the Redfield ratio, suggesting an excess of nitrogen availability and a potential limiting role for phosphate (Azevedo et al. 2008 ). Thus, in order to investigate the effect of including these factors in PP estimation, Steele's equation was combined with an exponential limiting function for temperature and a Michaelis-Menten limiting function for phosphate. The resulting model (Eq. 4) was adjusted to data obtained from incubations performed during the monthly surveys, using the GaussNewton non-linear regression method. (4) where k T is the temperature augmentation rate in (°C) -1 , T is temperature in °C, Ph is phosphate concentration in μM, and Kp is the half-saturation constant for phosphate in μM.
RESULTS

Environmental variables
Results presented in this section are based on the tidal cycle surveys. Environmental variability in the monthly surveys was presented in Azevedo et al. (2006) .
River flow into the estuary was controlled by the dam discharge activity at the head. Hourly variability was high, with abrupt changes observed during all sampling periods, according to the needs of hydroelectricity (Fig. 2 ). In the fall survey, flow rose from 800 to 1400 Salinity values observed during the sampling surveys were dependent on tidal conditions and river flow (Fig. 3) . At the bottom, salinity increased during the flood, except in the summer survey, when values remained high throughout the entire survey due to the absent/reduced freshwater discharge from the dam. During winter and spring, a drop in salinity was observed after the turn of the tide, due to high river flow which pushed seawater downstream and caused de-stratification of the water column. The influence of river flow on salinity was also evident at the surface. Values decreased during the flood in all surveys, coincident with river flow increase. This was very noticeable in the summer survey: surface salinity remained high throughout the period of absence of freshwater discharge, decreasing about 2.5 h after the dam started discharging. This salinity decrease was accompanied by an increase in temperature and oxygen saturation. Moreover, salinity stratification of the water column was recurrent throughout the surveys during high tide.
Nitrate, phosphate, and silicate concentrations were higher during the fall, winter, and spring surveys and lower during summer, when the influence of low-nutrient coastal water was more noticeable. Ammonium was higher during the spring and summer surveys and 33 Fig. 3 . Salinity (sal) variation measured every minute along the tidal cycle at the surface (left panels) and bottom (right panels) (except for fall, when bottom data were not available).
Variations in depth represent tidal heights lower in fall and winter. Ranges and averages obtained for each survey are presented in Table 1 . Whenever a 2-layer circulation was present, due to salinity stratification, nitrate and phosphate presented a vertical gradient, with higher levels at the surface, corresponding to lower-salinity water (Fig. 4) . When a salinity decrease occurred at the surface, due to river flow increase, nutrient levels increased. This was also observed at the bottom, especially during the ebb, due to water column mixing. No clear pattern was observed for ammonium, although higher values were also found at the surface. For chl a concentration, mean values, SD, CV, and ranges obtained for each survey are given in Table 1 . Unlike nutrients, chl a showed no relationship with salinity and, generally, no vertical gradient was observed for this variable during periods of water column stratification. Also, no consistent diel rhythm was observed for the different seasonal surveys.
Photosynthetic parameters
Temporal analysis
Using the data set obtained during the seasonal tidal cycles, P-E curves were generated (Fig. 5) . Mean values, SD, CV, and ranges of photosynthetic parameters for each seasonal tidal cycle are given in Table 2 . Diel variability of P max , α, E opt , and E k was highest during the summer survey, whereas the lowest variability was observed during the spring survey for P max and α, and, during winter, for E opt and E k , as shown by the CV. The lowest and highest values for P max and α were found in winter and summer, respectively. P max increased from morning to afternoon, except during the spring survey when the maximum was recorded around noon, whereas α increased from morning to noon in all surveys, remaining relatively constant between noon and afternoon, except in summer when a sharp decrease was observed at this time of day (Fig. 6) . No consistent pattern was observed for E k diel variation. P max and photosynthetic efficiency correlated positively with E opt , E o (light intensity at the surface), E k , temperature, and salinity, and negatively with light extinction coefficient (k) and silicate (p < 0.01). No correlation with chl a was found for P max or α. PCA was performed in order to investigate patterns of similarities between samples based on the contribution of environmental variables and photosynthetic parameters (Fig. 7) . The first 2 components (PC1 and PC2) accounted for 66.4% of the total variation. Variables contributing the most to PC1 were silicate, nitrate, and k (water column light extinction coefficient; negative semi-axis), and salinity, P max , slope, and E o (positive semi-axis). Variables contributing the most to PC2 were pH and slope (negative semi-axis), and chl a, Tables 1  & 2) . The summer noon (Summer_12) sample separation from the other summer samples, along PC2, is explained by its higher slope and salinity as well as lower temperature and ammonium values. Spring observations are characterized by the highest chlorophyll values. Fall samples exhibit higher extinction coefficients and winter values higher silicate concentrations and pH (Tables 1 & 2) . PP was plotted as a supplementary variable, to avoid autocorrelations with P max and other photosynthetic parameters (Fig. 7a) . The PP position on the PCA factor loadings plot indicates that its variability is mainly related to temperature and light.
Variability at different timescales
Comparison of inter-and intra-seasonal variance of photosynthetic parameters (with data from the monthly surveys) showed that P max was significantly (p < 0.05) more variable between seasons than within a particular season. Inter-seasonal CVs were, as expected, higher than those for intra-seasonal, especially for P max and E opt (33 vs. 13% and 18 vs. 7%, respectively). Using data from tidal cycles, inter-seasonal and diel variances were compared: diel variance was higher for E opt only; it was lower for P max and α, although no statistical significance was obtained. These observations were confirmed by the CVs calculated for the same timescales.
Spatial analysis
Spatial analysis of photosynthetic parameters was performed with the monthly surveys data set. P max ranged between 0.9 and 9.2 mg C mg chl a , and E k between 137.5 and 692.7 μmol photons m -2 s -1
. Average P max and α increased upstream (Table 5) , although no statistically significant differences were found between stations (p = 0.058), as well as chl a concentration and temperature, variables that presented significant (p < 0.01) positive correlations with the photosynthetic parameters. Positive correlations between P max and chl a and temperature obtained for the entire annual data set were maintained when analyzing each individual station. 
Temperature and phosphate integration in Steele's P-E equation
The empirical model integrating light, temperature, and phosphate (Eq. 4) was tested with data from incubations performed during the monthly surveys. Although 55% of variance in photosynthetic parameters was accounted for using this model, higher than the 44% found when considering only irradiation, Kp was < 0, and thus without biological meaning. Using a function combining the Steele equation and temperature only, 60% of variation was explained, with parameter estimates of 1.5 mg C mg chl a -1 h -1 for P max , 576.6 μmol photons m -2 s -1 for E opt , and 0.0378 °C -1 for k T ( Table 6 ). The model was also applied to data from individual seasons, in order to investigate different (seasonal) response patterns to those environmental variables. Biologically significant parameters were obtained for spring and fall, with total variance of 67 and 82% explained, respectively (Table 6 , Fig. 8 ).
DISCUSSION
Environmental variability
The high variability of environmental characteristics observed during seasonal tidal cycles was mainly due to river flow control by the dam located at the upper estuary. River flow magnitude influenced water column stratification, which was observed around high tide during all Table 4 . Eigenvalues, percent variation, and cumulative variation for each of the first 5 principal components (PC) Table 5 . Descriptive statistics of photosynthetic parameters obtained during annual surveys at the 3 stations along the estuary. CV: coefficient of variation (%); P max : maximum photosynthetic rate; α: photosynthetic efficiency; E opt : optimal light intensity; E o : surface light intensity; E k : light saturation index; k: light extinction coefficient sampling periods, coincident with the increase of river flow during that tidal interval. This river flow effect was particularly noticed during the summer survey, being responsible for the sharp salinity decrease at the surface observed 2.5 h after the dam started discharging. River flow magnitude and water column stratification also influenced nutrient temporal and vertical distribution. In most estuaries, nutrient concentration is often related to river flow magnitude (Jordan et al. 1991 , Balls 1992 , Snow et al. 2000 , Pastuszak et al. 2003 . Pereira-Filho et al. (2001) reported a tide-nutrient relationship, with a nutrient decrease during the flood and high tide and an increase during the ebb. In the present study, such a relationship was not found, due to water column stratification: levels at the surface remained high throughout the flood due to the presence of a lower-salinity surface layer, resulting from river flow. A similar pattern would be expected for chl a distribution, since previous work in the Douro presented evidence that phytoplankton originates mostly from the river (Bordalo & Vieira 2005 , Azevedo et al. 2008 . The general absence of a vertical gradient in chl a concentration during periods of water column stratification could be explained by the sinking of phytoplankton cells, due to their specific weight generally exceeding that of the water. Sinking rates depend on morphology, motility, physiological state, density, and viscosity of the medium, as well as water circulation (Pitcher et al. 1989) . Sinking rates of 0.5 to 0.9 m d -1 for estuaries have been reported, although for oceans the range is much broader, reaching 25 m d -1 (Huisman & Sommeijer 2002 and references therein). Assuming a sinking rate of a few meters per day, during periods of lower river flow, and higher residence times, a vertical uniform distribution of phytoplankton may be achieved. In the Douro estuary, residence time is >1 d for river flows < 300 m 3 s -1
, which is characteristic of spring and summer periods when phytoplankton biomass is higher.
Photosynthetic variability
The ranges obtained for photosynthetic parameters P max and α were broader than in other systems reported in the literature (Cote & Platt 1983 , Goosen et al. 1999 , Basterretxea & Aristegui 2000 , Tillmann et al. 2000 Macedo et al. 2001 , Jouenne et al. 2005 , Struski & Bacher 2006 although similar to the range reported by Boyer et al. (1993) for the temperate Neuse River estuary (0.14 to 33.9 mg C mg chl a -1 h -1 for P max ). The highest values were obtained during the summer tidal cycle survey, in the noon and afternoon samples, when P max exceeded the theoretical maximum of 25 mg C mg chl a -1 h -1
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, according to Falkowski (1981) . This may be explained by the low chl a concentration of these samples (0.40 and 0.86 mg m -3 , respectively), due to the influence of chl a-poor coastal waters. This problem has also been reported by Lohrenz et al. (1994) in coastal waters of the Gulf of Mexico, except that in the present study, rates of carbon fixation obtained for these samples were not low (around 10 mg C m -3 h -1 ), suggesting the presence of a low biomass but highly productive phytoplankton. The presence of low biomass and high PP was previously detected in the lower Douro estuary (Bordalo 1991) . In addition, Lohrenz et al. (1994) . Values above these limits were only obtained for one of the samples mentioned above, the noon summer survey sample.
E k has frequently been used to describe the physiological adjustments of algal populations to changing environmental conditions (Cote & Platt 1983 , Macedo et al. 2001 , expressing phytoplankton photoacclimational state (Sakshaug et al. 1997 , Behrenfeld et al. 2004 . In the present study, E k levels were within the range reported for other coastal systems (Lohrenz et al. 1994 , Tillmann et al. 2000 , Macedo et al. 2001 , Struski & Bacher 2006 .
Temporal variability
Positive correlation of P max with temperature is a feature common to most studies (Cote & Platt 1983 , Lohrenz et al. 1994 , MacIntyre & Cullen 1996 , Tillmann et al. 2000 , and is consistent with P max being a function of the enzymatic reactions carried out in photosynthesis (Cote & Platt 1983) . P max also presented a positive correlation with salinity and incident light but negative with k and silicate, reflecting the seasonal variability observed for this parameter.
The localization of samples in the PCA sample ordination plot (Fig. 7b) allows the linking of environmental characteristics and photosynthetic parameters with different sampling occasions, explaining the clusters formed by samples from different seasons. From PCA it is clear that seasonal variability is higher than diel variability, since samples from the same seasonal tidal cycles were grouped together, with the exception of summer samples, which were spread along PC2, reflecting changes in nutrients, chl a concentrations, and photosynthetic parameters (with emphasis on the initial slope α) during that survey (Fig. 4) . Summer and winter surveys were projected at opposite extremes relative to PC1, contrasting higher P-E values, irradiance, temperature, and salinity (summer) to higher k and nutrient levels (winter). Higher values of the supplementary variable PP were observed during the summer surveys, associated with higher values of photosynthetic parameters, temperature, and salinity.
Variability in P-E parameters has been divided by Behrenfeld et al. (2004) into E k -dependent variability, associated with independent changes in P max and α that alter E k ; and E k -independent variability, associated with parallel changes in P max and α, with little influence on E k . The former results predominantly from physiological adjustments to changing light conditions (photoacclimation), whereas for the latter no clear physiological explanation has been found. The positive correlation between P max and α observed in the present study was also reported by other authors (Cote & Platt 1983 , Lohrenz et al. 1994 , Jouenne et al. 2005 , Struski & Bacher 2006 , suggesting a predominance of E kindependent variability. This phenomenon could be due to the high environmental variability observed throughout the surveys. The high physicochemical and biological variability that characterizes estuarine systems may complicate short-term photoacclimation (Jouenne et al. 2005) .
Diel variability has been attributed to a combination of endogenous physiological oscillations as well as responses to environmental factors (Prezelin 1992 , Binder & DuRand 2002 . In highly variable systems, such as estuaries, in which photic and mixing conditions may vary on an hourly basis, consistent patterns of diel variability of photosynthetic parameters are more difficult to observe. Maximal P max values observed around noon or in the afternoon in the Douro estuary were consistent with previously reported observations in other coastal systems (Lohrenz et al. 1994 , Basterretxea & Aristegui 2000 , Jouenne et al. 2005 . Previous studies in other temperate estuaries observed a tidal signal in P max variability: lower P max at low tide and higher at high tide (Goosen et al. 1999 , Jouenne et al. 2005 , which may be related to different phytoplankton populations moving up and down the estuary with the tide. In the present study, tidal cycles were always initiated in the morning during low tide, which means that high tide coincided with noon. This allowed the reduction of variability due to different tidal situations but, on the other hand, prevented the analysis of tidal influence on P-E parameters.
Analysis of inter-seasonal, intra-seasonal, and diel timescale variability of photosynthetic parameters suggests that in the Douro, photosynthetic parameters P max and α are most variable at a seasonal timescale, while for E opt , diel variability was highest. Thus, predictive models of PP should take into account this seasonal variability, when estimating PP over larger timescales.
Spatial variability
In the Douro estuary, P max values were higher at the upstream station, although without statistical significance (p = 0.058), and different spatial patterns of variability were observed in each period. This is the opposite of observations in other systems. In the Neuse River estuary, Boyer et al. (1993) found an inverse spatial pattern, a declining P max with distance from the estuary mouth, attributed to acclimation to lower light levels of the riverine phytoplankton communities. In the maximum turbidity zone of the Westerschelde, Goosen et al. (1999) observed a lower specific rate of photosynthesis in the more upstream stations, attributed to riverine phytoplankton meeting saline conditions. The pattern observed in the Douro may be explained by higher temperatures in the upstream station, which is confirmed by a positive correlation between those 2 variables. A positive correlation was also obtained with chl a, unusual in coastal ecosystems, attributed to the relatively low phytoplankton biomass, preventing intraspecific competition from lowering photosynthetic capacity, on the one hand, and the physiology of phytoplankton related to their origin in a semi-lotic (reservoir) ecosystem (Azevedo et al. 2006) .
The positive correlation between P max and chl a obtained during the annual surveys was not observed during seasonal tidal cycles, when considering the entire data set. However, if the summer survey is excluded, a significant positive relationship between those variables emerges, although analysis of this relationship for data collected during individual surveys shows this correlation to be somewhat misleading. For each individual survey, an inverse relationship between those variables seems to exist (Fig. 9) , suggesting that other factors, such as temperature, should also influence P max variability over a seasonal timescale. These observations enhance the multivariate facet of photosynthetic response control of natural phytoplankton assemblages within highly dynamic systems. Changes in environmental conditions may influence phytoplankton photosynthesis directly (temperature, light, nutrients) through physiological adaptations or indirectly, through changes in species composition, induced by hydrodynamic alterations. This will depend on the physiological adaptation time of phytoplankton and whether it is longer or shorter than the hydrodynamic changes of the system. The attempt to integrate temperature and phosphate-limiting functions in PP estimation showed that the inclusion of temperature improves model performance, while including the phosphate potential limiting effect only works for spring and fall. In fact, modeling of phytoplankton nutrient limitation is not straightforward, since it depends not only on the water's N:P ratio, but also on factors such as nutrient regeneration and intracellular concentration.
CONCLUSIONS
The results obtained from this study suggest that (1) the most important timescale of P max and α variability, among those analyzed in the present work, was the seasonal one, although diel variability in summer was also considerable; (2) diel analysis showed that highest values of P max were found around noon or in the afternoon, while α maxima were observed around noon; (3) P max was generally higher upstream, decreasing towards the estuary mouth; and (4) light, temperature, and salinity were the most influential factors on P-E parameter variability; additionally, PP prediction accuracy was increased by combining light and temperature-limiting functions.
The relationship observed between salinity and P-E parameters may indicate that variability in these parameters could also be caused by species composition shifts, changing photosynthetic response of the phytoplankton assemblage. Since species composition was not in the framework of the present study, it deserves further research. 
